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Acute brain slices are slices of brain tissue that are kept vital in vitro for further recordings and analyses.
This tool is of major importance in neurobiology and allows the study of brain cells such as microglia,
astrocytes, neurons and their inter/intracellular communications via ion channels or transporters. In
combination with light/ﬂuorescence microscopies, acute brain slices enable the ex vivo analysis of spe-
ciﬁc cells or groups of cells inside the slice, e.g. astrocytes. To bridge ex vivo knowledge of a cell with
its ultrastructure, we developed a correlative microscopy approach for acute brain slices. The workﬂow
begins with sampling of the tissue and precise trimming of a region of interest, which contains GFP-
tagged astrocytes that can be visualised by ﬂuorescence microscopy of ultrathin sections. The astrocytes
and their surroundings are then analysed by high resolution scanning transmission electron microscopy
(STEM). An important aspect of this workﬂow is the modiﬁcation of a commercial cryo-ultramicrotome to
observe the ﬂuorescent GFP signal during the trimming process. It ensured that sections contained at
least one GFP astrocyte. After cryo-sectioning, a map of the GFP-expressing astrocytes is established
and transferred to correlation software installed on a focused ion beam scanning electron microscope
equipped with a STEM detector. Next, the areas displaying ﬂuorescence are selected for high resolution
STEM imaging. An overview area (e.g. a whole mesh of the grid) is imaged with an automated tiling and
stitching process. In the ﬁnal stitched image, the local organisation of the brain tissue can be surveyed or
areas of interest can be magniﬁed to observe ﬁne details, e.g. vesicles or gold labels on speciﬁc proteins.
The robustness of this workﬂow is contingent on the quality of sample preparation, based on Tokuyasu’s
protocol. This method results in a reasonable compromise between preservation of morphology and
maintenance of antigenicity. Finally, an important feature of this approach is that the ﬂuorescence of
the GFP signal is preserved throughout the entire preparation process until the last step before electron
microscopy.
 2014 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Despite the increased use of in vivo recordings on conscious ani-
mals to provide new insights into cellular neurophysiology, acute
brain slices remain the tool of choice for patch clamp recordingto analyse biological features such as ion channels and calcium ﬂux
(Khurana and Li, 2013). Since their introduction 50 years ago by
Henry McIlwain (Collingridge, 1995; McIlwain, 1958), acute brain
slices have been studied in detail by using advanced ﬂuorescence
microscopy techniques such as Stimulated Emission-Depletion
(STED) microscopy, Stochastic Optical Reconstruction Microscopy
(STORM) and Photoactivated Localization Microscopy (PALM),
bringing the resolution under the micrometre level (Huang et al.,
2010). Even more recently, a combination of two photon excitation
and pulsed STED microscopy (Bethge et al., 2013) improved the
imaging resolution on acute brain slices to a point-spread function
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of these imaging techniques is that only ﬂuorescent structures
(labelled or auto-ﬂuorescent) can be observed and the reference
structure needs to be ﬂuorescently counterstained (Grifﬁths,
2001; Schwarz and Humbel, 2007). For this reason, electron
microscopy is still the preferred method to observe subcellular
organisation of biological samples. This is also due to its higher
resolving power and when used in conjunction with gold immu-
nolabelling, speciﬁc proteins can be localised and studied within
their context, as the subcellular structure is directly visible
(Schwarz and Humbel, 2007).
Electron microscopy analysis of acute slices (Kirov et al., 1999;
Takano et al., 2014) combined with the low magniﬁcation over-
view and localisation capabilities of light/ﬂuorescence microscopy,
i.e. correlative light–electron microscopy, appears the most appro-
priate way to access the complexity of biological samples (Loussert
et al., 2012; Mironov and Beznoussenko, 2009; Modla and
Czymmek, 2011; Robinson and Takizawa, 2009). The light micro-
graph can supply in vitro analysis or maps of the regions of interest
displaying for instance a ﬂuorescent signal, which can then be
imaged at higher resolution in an electron microscope. Neverthe-
less, correlating light and electron micrographs has proven to be
challenging due to the different constraints imposed by the type
of microscopy performed. To ensure easy transfer of a precisely
located biological region from the light microscope to the electron
microscope, we developed a complete process based on the cryo-
sectioning method for sample preparation established by Tokuyasu
(Grifﬁths et al., 1983; Slot and Geuze, 2007; Tokuyasu, 1973). This
method was chosen for two main reasons:
(1) The type of ﬁxation is suitable for immunolocalisation;
(2) The absence of dehydration and resin embedding preserves
GFP ﬂuorescence throughout the entire process.
The aim of the protocol was to identify and recover the cells of
interest during all processing steps from the original location in the
organ to nanometre-scale observation in the electron microscope.
As a model system, we chose mouse brain from transgenic animals,
which expressed eGFP in astrocytes (Nolte et al., 2001). The ﬁrst
step of our protocol involved slicing the brain into thick vibratome
sections. From that point onwards, the GFP-expressing astrocytes
could be observed at all steps during sample preparation, ultrathin
cryo-sectioning until high-resolution imaging by electron
microscopy.
2. Materials and methods
2.1. Animal experiments
All animal work was carried out according to the recommenda-
tions of the Swiss Federal Laws on animal experimentation,
approved by the Cantonal Veterinary Ofﬁce (Vaud, Switzerland).
All efforts were made to minimise suffering.
2.2. Tissue preparation
Adult wild type mice and adult eGFP-GFAP mice (Nolte et al.,
2001) were anaesthetised with isoﬂurane in a closed chamber
and euthanased by decapitation. The brain was removed and
placed in ice-cold, gassed (95% O2, 5% CO2) Artiﬁcial CerebroSpinal
Fluid (ACSF) medium containing 118 mM NaCl, 2 mM KCl, 1.3 mM
MgCl2, 2.5 mM NaHCO3, 1.2 mM NaH2PO4 and 10 mM glucose, pH
7.4. Thick coronal sections of 300 lm containing hippocampus
were then cut with a vibratome (Leica VT1200, Leica Microsystems,
Vienna, Austria) and immediately transferred into phosphate buf-
fer (0.1 M pH 7.4) containing 4% formaldehyde and 0.5% glutaral-dehyde. Fixation was done for 2 h at room temperature, then the
samples were stored in ﬁxative for 12 h at 4 C. The slices were
washed in 0.1 M sodium phosphate buffer (PB: pH 7.4) and cut into
small pieces. Each piece of sample was isolated and cryo-protected
by inﬁltration with 2.3 M sucrose in 0.1 M sodium phosphate buf-
fer (PB: pH 7.4) overnight at 4 C.2.3. Imaging
Brain slices in ﬁxative solution were imaged with a Zeiss Ima-
ger.Z2 ﬂuorescence microscope (Carl Zeiss Microimaging GmbH,
Germany) equipped with an AxioCam MRc5 digital CCD camera
(Carl Zeiss). Bright-ﬁeld images and ﬂuorescence images using ﬁl-
ter set 38, excitation BP 470/40, beam splitter FT 495, emission BP
520/50 (Carl Zeiss) were acquired sequentially at the same focal
plane through the entire volume. The brain slice was imaged with
a 100 lm step in Z (through the entire depth of the tissue) with
2.5 objective (Carl Zeiss Microimaging Inc.; Plan-Neoﬂuar,
NA = 0.075) using the MosaiX module of the Zeiss Axiovision
rel.4.8 software (Carl Zeiss).
Sucrose inﬁltrated brain pieces, mounted on aluminium pins,
were imaged with the same Zeiss Imager.Z2 ﬂuorescence micro-
scope with 10 objective (Carl Zeiss; Plan-Neoﬂuar, NA = 0.3) with
5 lm steps in Z and 20 objective (Carl Zeiss; Plan-Neoﬂuar,
NA = 0.5) with 1 lm steps in Z. During acquisition, the samples
were kept hydrated and ice cooled to avoid dehydration. This
was achieved by mounting the pins in a hole drilled into a Petri
dish ﬁlled with ice. After imaging, the samples were immediately
plunged into liquid nitrogen and stored until further processing.2.4. Cryo-sectioning and ﬂuorescence imaging of the thawed sections
For cryo-sectioning, pins with frozen brain tissue were mounted
in a modiﬁed cryo-ultramicrotome (Ultracut UC6/FC6, Leica Micro-
systems, Vienna, Austria). The original binocular was replaced by a
M205 FA stereo-ﬂuorescence microscope equipped with a DFC 345
FX camera (Leica, Heerbrugg, Switzerland), suspended on a large
swing arm (Leica, Heerbrugg, Switzerland). Tissue blocks were
trimmed at 90 C with a cryotrim diamond knife (Diatome, Biel,
Switzerland) and ultrathin cryo-sections, 70 and 100 nm thick,
were cut at 110 C with an immuno diamond knife (Diatome).
Sections were picked up with a drop containing an equal mixture
of 2% methylcellulose and 2.3 M sucrose (Liou et al., 1996),
warmed up to room temperature, and transferred onto a Formvar
ﬁlm-coated, carbon-stabilised 100 mesh copper ﬁnder grid (Elec-
tron Microscopy Sciences, Hatﬁeld, PA, USA).
100 nm thin cryo-sections collected on grids were incubated
four times for 2 min on a PBS solution to remove the methylcellu-
lose/sucrose mix and then mounted on a glass microscope slide in
PBS. This slide was overlaid with a glass coverslip and the cryo-sec-
tions were examined immediately with the Zeiss Imager.Z2 ﬂuo-
rescence microscope in bright-ﬁeld mode and with GFP ﬁlters
using 20 air (Carl Zeiss, Plan-Neoﬂuar, NA = 0.5) and 40 oil
objectives (Carl Zeiss, Plan-Neoﬂuar, NA = 1.3).
Alternatively, sections were imaged with an epiﬂuorescence
microscope (CorrSight, FEI Company Eindhoven, The Netherlands)
equipped with a ORCA-03G camera (Hamamatsu, Hamamatsu City,
Japan) in bright-ﬁeld mode and with GFP ﬁlter set using 5 air
(Carl Zeiss, EC Plan-Neoﬂuar, NA = 0.15), 20 air (Carl Zeiss, EC
Plan-Neoﬂuar, NA = 0.5) and 40 air (Carl Zeiss, EC Plan-Neoﬂuar,
NA = 0.9) objectives. Imaging was driven by a correlative and auto-
mated acquisition software (‘Maps’, FEI Company Eindhoven, The
Netherlands).
Table 1
Summary of the sample processing. The diagram describes the sample processing and
imaging steps for the correlative light–electron microscopy workﬂow.
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The temporary slide preparations were disassembled and
immunogold labelling was performed to detect the GFP. First, the
grids were washed 5 times in PBS for 2 min each, then incubated
5 min in PBS buffer containing 1% BSAc (Aurion, Wageningen,
The Netherlands) as a blocking step. Sections were ﬂoated for 1 h
on a drop of primary antibody, chicken anti-GFP at 100 lg/ml
(Abcam ab13970, Cambridge, UK) in PBS containing 1% BSAc. After
washing with 0.1% BSAc in PBS, the samples were incubated for 1 h
with 15 nm colloidal gold-conjugated secondary antibodies, goat
anti-chicken (Aurion) diluted 1:30 in 1% BSA/PBS. The ultra-thin
cryo-sections were then ﬁxed in 1% glutaraldehyde in PBS for
10 min to further stabilise them, followed by eight washes in dis-
tilled water, 2 min each. Finally, the cryo-sections were embedded
in a thin ﬁlm of methylcellulose containing 0.3% uranyl acetate and
air-dried.
2.6. VGLUT1 immuno-gold labelling
Immunogold labelling was performed to detect the VGLUT1
protein on ultrathin sections (70 nm thickness) or semi thin sec-
tions (100 nm thickness). Cryosections were picked up, warmed
to room temperature, and transferred onto copper ‘ﬁnder’ grids
(Electron Microscopy Sciences, Hatﬁeld, PA, USA) as described
above. Immunolabelling was performed using polyclonal guinea
pig anti-VGLUT1 (synaptic systems, Goettingen, Germany) dilution
1/100 and with 10 nm colloidal gold-conjugated secondary anti-
bodies, goat anti-guinea pig, (Aurion, Wageningen, The Nether-
lands) diluted 1:30 as described above.
2.7. STEM imaging
EM grids were mounted on a STEM sample holder and inserted
into a Helios Nanolab 650 DualBeam (electron and ion) microscope
(FEI Company, Eindhoven, The Netherlands). Imaging was driven
by the same correlative and automated acquisition software
(‘Maps’, FEI Company) as used with the CorrSight microscope and
samples were imaged at 5 mm working distance. Overviews of
the grids were taken in secondary electron mode at 30 keV with
an Everhart–Thornley detector. Micrographs were then correlated
with the images recorded with the 40 oil-immersion or air objec-
tives in the light microscope. Areas containing regions of interest
(ROIs) were pre-irradiated with an electron beam of 30 keV at cur-
rent densities of 13 nA or 26 nA using a scan speed of 50 ns per
pixel and a scan area of 4096  3536 pixels for 30 min per ﬁeld
of view. For imaging, we used a STEM III detector (FEI Company)
in bright-ﬁeld or high-angle annular dark-ﬁeld mode with corre-
sponding parameters of 30 keV, 400–800 pA, 1–3 ls dwell time
and 6144  4096 pixels per frame. In the bright ﬁeld mode, the
contrast conditions are the same as for the bright ﬁeld TEM. Where
HAADF micrographs were recorded, the contrast was inverted to
ease the observation and the correlation with bright ﬁeld images.
The large area, e.g. 66 lm  57 lm, images were recorded with
the Maps software (1.0; FEI Company) and stitched either with
the Maps software or using Photoshop CS5 (Adobe). The Maps soft-
ware stitches could be saved as HD View (Microsoft; http://
research.microsoft.com/en-us/um/redmond/groups/ivm/hdview/)
images and the Photoshop stitched images were saved as TIFF ﬁles.
2.8. TEM tomography
100 nm thick cryo-sections were imaged with a Tecnai-12
transmission electron microscope (FEI Company) operating at
120 kV. A dedicated dual-axis tomography holder (E.A. Fischione
Instruments, Inc., Corporate Circle Export, USA) was used. Seriesof single tilted images from 65 to +65 were acquired with a tilt
increment of 1 using SerialEM software (Mastronarde, 2005)
(Boulder Laboratory, Boulder, USA) on a 4 K  4 K Eagle CCD cam-
era (FEI Company). Tomograms and surface representations were
processed with the tomography software IMOD (Kremer et al.,
1996) (Boulder Laboratory, Boulder, USA).
A summary of the entire workﬂow is presented in Table 1 with
all the imaging steps.3. Results and discussion
The robustness of this correlative light electron microscopy
workﬂow is based on the possibility to image the sample using
ﬂuorescence excitation, and then track the area of interest at each
processing step prior to electron microscopy. A large range of
devices is available to image the ﬂuorescence at room temperature
but the imaging during the cryo-trimming and the cryo-sectioning
was not possible. Conventional cryo-microtomes are equipped
with a binocular that does not allow ﬂuorescence imaging. We
removed the optical part, replaced it with a ﬂuorescence stereomi-
croscope (Fig. 1A) and installed the microtome in a dark room. We
chose a system combining large depth of ﬁeld and good resolution.
This technical feature is important for the spatial rendering and it
is indispensable for the cryosectioning. The position of the sample
relative to the edge of the knife must be known for trimming and
sectioning. We selected a Plan Achromat objective of 0.8, NA 0.14
with a working distance of 112 mm to ease the manipulation
inside the cryo-chamber (removal of debris, cryo-ribbon handling
and cryosection collection) (Fig. 1B). This conﬁguration is also
important to keep the optical components outside of the cryo-
chamber and to prevent any damage from repeated cooling and
warming cycles. To optimise the sample visibility, we inclined
the microscope at an angle of approximately 20 from the vertical
(Fig. 1C). A swing arm stand with vibration-damping foot was used
to stabilise the microscope during operation of the microtome
(Fig. 1C). To limit the ice contamination during sectioning, the
set up was installed in an enclosed room with a system controlling
the humidity (Fig. 1D).
Fig.1. Setup of the ﬂuorescence cryo-microtome. (A) To observe the ﬂuorescent area of interest during sectioning, the standard binocular system is replaced by a higher
resolution ﬂuorescence stereo-microscope. (B) The use of a long working distance objective (112 mm) allows sufﬁcient clearance for manipulations inside the cryo-chamber.
(C) The microscope is hanging on a swing arm stand with a vibration-damping foot. (D) To control sectioning conditions and allow ﬂuorescence observations, the microtome
is installed in a temperature and humidity controlled cabinet in a dark room.
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ries performing cryo-sectioning, and it proved to be a key element
for various correlative approaches.
The preparation method developed by Kiyoteru Tokuyasu
(Tokuyasu, 1973, 1976, 1978) was chosen to analyse the acute
slices. This method, combining mild chemical ﬁxation with cryo-
sectioning, was continuously improved over the years to become
the most commonly used technique for immuno-electron micros-
copy (Slot and Geuze, 2007). To prevent the risk of hypoxia and tis-
sue damage (Kirov et al., 1999) during ﬁxation, due to a slow
diffusion rate of glutaraldehyde, we used a mixture of formalde-
hyde and glutaraldehyde. Under these conditions the small formal-
dehyde molecules rapidly penetrate and temporarily ﬁx the
specimen until the slower penetrating glutaraldehyde irreversibly
crosslinks the proteins (Hayat, 1981).
Brain tissues ﬁxed by perfusion were previously analysed by the
Tokuyasu technique (Stephan et al., 2008, 2013) but this is the ﬁrst
time that acute slices, ﬁxed by immersion, are analysed by this
technique. Immediately after cutting, the slices were plunged into
the ﬁxative solution then processed further. The inﬂuence of the
perfusion ﬁxation versus the immersion ﬁxation on the ultrastruc-
ture of hippocampal brain slices was investigated recently by elec-
tron microscopy (Takano et al., 2014), and the authors conﬁrmed
good preservation of the brain slice that were plunged immedi-
ately into ﬁxative solution after slicing.
Various electron micrographs of acute brain slice prepared
according to the Tokuyasu cryosectioning method are shown in
Fig. 2. In panel 2A, we observe three synapses (arrows). Careful
inspection of the micrograph conﬁrms good preservation of the
ultrastructure of the sample without any obvious extraction arte-
facts. Note that the cryo-sectioning method is particularly suitable
for visualising membranes, vesicles (asterisks, Fig. 2A) and mito-
chondria (arrowheads, Fig. 2A).
The advantage of this approach is that antigens are more readily
immunolabelled in cryosections than in resin sections (Stierhof
et al., 1986). To conﬁrm the preservation of antigenicity, we per-
formed Vesicular Glutamate Transporter 1 (VGLUT1) immunolo-
calisation (Fig. 2B, C and D). As shown previously, the VGLUT1
protein was localised in asymmetric synapses, characterised bythe presence of a presynaptic and a postsynaptic element. The pre-
synaptic axonal button, enriched in synaptic vesicles (arrowheads)
could easily be identiﬁed on the micrograph (Fig. 2B) as well as the
synaptic cleft (asterisk). The postsynaptic densities were also
clearly identiﬁed (arrows).
To gain insight into the 3D distribution of vesicles inside the
synapse, tilt series of a 100 nm section were acquired (Fig. 2C
and Movie S1) (Zeuschner et al., 2006), then reconstructed
(Fig. 2D and Movie S2) and modelled (Fig. 2E). The vesicles
(Fig. 2E, yellow) were easily seen in the sections of the tomogram
(Fig. 2D, Movie S2) and their distribution inside the presynaptic
axonal button could be estimated. A multivesicular body (Fig. 2E,
white) and mitochondrion (Fig. 2E, blue) were also reconstructed
on the tomogram.
Although there are a number of publications showing the reten-
tion of GFP ﬂuorescence in methacrylate resin embedded samples
(Kukulski et al., 2011, 2012; Luby-Phelps et al., 2003; Nixon et al.,
2009; Slot and Geuze, 2007), the advantage of cryosectioning is
that proteins remain hydrated at physiological pH during sample
processing thereby guaranteeing the preservation of ﬂuorescence
intensity (Slot and Geuze, 2007; Tsien, 1998). To investigate the
preservation of the ﬂuorescence in samples prepared according
to the Tokuyasu method, we studied acute brain slices of a trans-
genic animal expressing eGFP under the control of the GFAP pro-
moter (Nolte et al., 2001).
The ﬁxed brain slices were ﬁrst imaged by epiﬂuorescence
microscopy to map the GFP expressing astrocytes in the tissue.
The most prominent feature (Fig. 3A) was the inhomogeneous dis-
tribution of the GFP signal over the slice. We observed areas that
displayed intense ﬂuorescence and others with no signal at all.
Nolte et al. (Nolte et al., 2001) previously reported this result and
they reasoned that the promoter used for this construct is tran-
siently expressed in all astrocytes. Therefore, we must take into
account that GFP expression may be an imperfect representation
of the total astrocyte distribution in the brain with the conse-
quence that all GFP expressing cells are astrocytes but not all astro-
cytes express GFP.
Based on the ﬂuorescence distribution over the entire brain
slice, we deﬁned 7 areas characterised by various ﬂuorescence
Fig.2. Transmission electron micrographs of brain prepared according to the Tokuyasu cryo-sectioning method. (A) Overview of three asymmetric synapses (arrows) inside
the brain tissue. All cells displayed a dense cytoplasm and numerous organelles like mitochondria (arrowheads), and vesicles (asterisks). The method of preparation based on
the Tokuyasu method provided an excellent contrast of membranes, which is favourable to study intracellular vesicles. (B) Asymmetric synapse immunolocalised with anti-
VGLUT1 antigen. The presynaptic axonal button, enriched with synaptic vesicles (arrowheads) is separated from the postsynaptic cell by the synaptic cleft (asterisks). The
postsynaptic density is also clearly identiﬁed (arrows). (C) 0 tilt micrograph from tilt series of an asymmetric synapse immunolocalised with anti-VGLUT1 antigen (100 nm
thick section) (see Movie S1). (D) Central section of the reconstructed tomogram obtained from the tilt series presented in C. The membranes of the vesicles are easily
observed in the 3D volume (arrowheads) (see Movie S2). (E) Model of the asymmetric synapse presented in C displaying the distribution of the vesicles (yellow) inside
the volume of the synapse. One multivesicular body (white) and a mitochondrion (blue) are also reconstructed. Scale bars represent: A = 400 nm, B = 125 nm, C = 125 nm,
D/E = 125 nm.
Fig.3. Coronal slice of brain, 300 lm thick, containing GFP-expressing astrocytes and 3D mapping of the brain piece. (A) The chemically ﬁxed brain slice (immersion ﬁxation)
was imaged by ﬂuorescence microscopy to map the GFP-expressing astrocytes. Seven areas of interest were deﬁned and divided into two parts, each measuring less than
1 mm2. For the analysis presented here, area 2b was selected. (B) A brain piece sitting on the aluminium pin, the holder for the cryo-ultramicrotome, is kept hydrated and cold
during imaging using a plastic Petri dish containing ice cubes and a hole to hold the pin. (C) 3D stack of the brain piece recorded by wide-ﬁeld ﬂuorescence microscopy with
an automated 3D acquisition system at a step size of 5 lmwith a 10 objective (Movies S3 and S4). (D) 60 lm below the block surface, many cell bodies were in focus. Scale
bars represent: A = 0.75 mm, B = 2 mm and D = 0.1 mm.
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Each piece of tissue was marked, cut out and then inﬁltrated in a
sucrose solution. This step is essential in the Tokuyasu method
for the preservation of the sample ultrastructure during freezing
and cryo-microtomy. It requires a tissue piece smaller than
1 mm3 to ensure optimal sucrose inﬁltration. The sucrose prevents
the formation of visible ice crystals in the sample during freezing
by reducing the amount of free water. Sucrose is also known to
improve sectioning properties. In addition, it acts as a clearingagent, making the tissue more transparent for light microscopy,
enabling imaging to a depth of up to 300 lm (personal communi-
cation, Dr. Matthias Langhorst).
Each piece of tissue was mounted on an aluminium pin
(Fig. 3B), used as a holder for microtomy and then imaged by
epiﬂuorescence microscopy in three dimensions (X, Y and Z;
Fig. 2C) to precisely localise the GFP expressing astrocytes in
the volume (Fig. 2D). Since tissue blocks shrink to an unpredict-
able degree during sucrose inﬁltration it was important to
58 C. Loussert Fonta et al. / Journal of Structural Biology 189 (2015) 53–61image the ﬂuorescence after sucrose inﬁltration to establish a
reliable localisation of the GFP positive astrocytes in the 3D
volume.
To avoid sample drying during imaging, we used a small device
(an ice-ﬁlled plastic Petri dish with a hole drilled in the top) sup-
porting the aluminium pin that kept the tissue cold and humid
(Fig. 3B). Imaging was performed from top to bottom of the block
using low magniﬁcation air objectives. We acquired image stacks
of the entire volume of all pieces. The brain tissue of area 2b
(Fig. 3A), located near the centre of the block, displayed numerous
cell bodies expressing GFP (Fig. 3C, D and Movie S3), was selected
as an example of the method developed herein. We determined
that the majority of GFP-expressing astrocytes were at the depth
of about 60 lm inside the sample and the X and Y position of the
area of interest was deﬁned. This provided the 3D coordinates of
the GFP-astrocytes of interest inside the brain tissue. All tissue
blocks were imaged in the same way (Movie S4). After imaging,
the tissue sitting on the aluminium pin was plunged into liquid
nitrogen and stored frozen at 80 C. Storage time of the sample
is virtually unlimited under these conditions. If necessary the sam-
ple could be thawed, re-inﬁltrated with sucrose and then imaged
again by ﬂuorescence microscopy.
The pin with the frozen block was mounted on the sample
holder inside the cryo-chamber of the cryo-ultramicrotome for
trimming and ultra-thin sectioning. The cryo-microtome was
modiﬁed (Fig. 1A) by replacing the original binocular with a higher
resolution ﬂuorescence stereo-microscope. In this way, the ﬂuores-
cence signal of the astrocytes could be observed during all
trimming and cutting steps. The key element of the cutting step
was the 3D map of the brain piece. Astrocytes localised previouslyFig.4. Fluorescence imaging during cryo-sectioning. The piece 2b of the brain was imag
pyramid (B). Scale bars represent: A/B = 350 lm.
Fig.5. 2D mapping of GFP astrocytes on the section. (A) Using a light microscope, an ent
mode). Then, a mosaic of the ﬂuorescent section was recorded (20). The manual overlay
recorded with a 40, 1.3NA oil objective. This image provided a map for electron microsc
of interest. The red squares in A and B indicate the area imaged at high resolution andin the volume of tissue pieces could then be reached using their X,
Y and Z coordinates. The brain block imaged inside the cryo-cham-
ber of the microtome (Fig. 4A) was ﬁrst trimmed in the Z direction
by removing 60 lm of tissue from the top to the previously identi-
ﬁed area containing a large number of GFP-expressing cell bodies.
During this trimming step, we used the ﬂuorescence stereo-micro-
scope to ensure that the area of interest was not removed. A frus-
tum of pyramid with a face of 350 lm  350 lm, containing the
cells of interest was then trimmed. Numerous cell bodies on the
surface of the tissue block could be visualised (Fig. 4B), conﬁrming
the quality of the 3D map established previously. Due to some
inaccuracy in the Z position (about 1 lm), 100 nm thick serial
cryo-sections were cut to ensure that the target was captured.
The cryo-sections were picked up using an equal mixture of meth-
ylcellulose and sucrose. This mixture was selected because it limits
stretching of the cryo-sections, thereby reducing extraction of cel-
lular components (Liou et al., 1996). The grids were then stored in a
cold and humid chamber before processing to avoid any drying
artefacts. To image ﬂuorescence of the sections, the grids were
mounted between a glass slide and coverslip (Fig. 5A) as described
previously (Takizawa and Robinson, 2003). A high numerical aper-
ture (NA) oil-immersion objective (NA = 1.3) was used to acquire
the 2D map of the sections. We observed a strong ﬂuorescent sig-
nal corresponding to the cell bodies (Fig. 5B, arrowheads) and the
thin processes of the GFP-expressing astrocytes. Cryosections of
other areas displayed a more discrete ﬂuorescent signal, in accor-
dance with the inhomogeneous distribution of GFP astrocytes in
the brain slice (Movie S4 and Fig. 2). The 100 nm thickness of the
section is much thinner than the depth of focus of the high-NA
objectives (0.5–1 lm) (Schwarz and Humbel, 2007), therefore noed with the stereomicroscope before (A) and after trimming of the frustum of the
ire electron microscopy grid was imaged at low magniﬁcation (2.5 in bright-ﬁeld
of the two images is presented here. (B) A higher resolution ﬂuorescence mosaic was
opy investigation. Note the four, consecutive sections. Arrowheads indicate the cells
presented in Fig. 7. Scale bars represent: A = 230 lm, B = 150 lm.
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details of the sample could be recorded. It is noteworthy that the
ﬂuorescence of the GFP appeared to be unaffected by the sample
preparation. In the case of a classical preparation (strong chemical
ﬁxation, dehydration, resin embedding) it is more difﬁcult to pre-
serve GFP ﬂuorescence.
The ﬂuorescence imaging was done sequentially. First, an over-
view of the EM grid was imaged in bright-ﬁeld mode and overlaid
with the low-resolution ﬂuorescence image at the correct position
(Fig. 5A). The area delimited by the red square is the one selected
for the correlation and is represented in all subsequent ﬁgures
(Figs. 5–7). The number 1 on the rim and the arrow at the centre
of the grid were used as landmarks for the correlation in the elec-
tron microscope. Then, the ﬂuorescence of the section was imaged
at higher resolution. On the ribbon, we detected four consecutive
sections. We focused our attention on the ﬁrst three sections
and, more precisely, on two speciﬁc cell bodies on each section
(Fig. 5B, arrow heads).
After ﬂuorescence imaging, we performed immunogold label-
ling of GFP with 15 nm size gold particles. The GFP immunogold
labelling was chosen to identify the astrocytes in the electron
micrograph but also to validate our correlative approach by using
the same, labelled protein for light and electron microscopy. It is
important to note that after embedding of the labelled section in
a thin ﬁlm of uranyl acetate/methylcellulose, the GFP is quenched
(Karreman et al., 2009).
Electron micrographs were recorded using a high-resolution
scanning electron microscope with a STEM detector using the
Maps software (Fig. 6). Currently this software only operates onFig.6. Correlation of ﬂuorescence image with the electron micrograph. (A) A low-resoluti
Then, the light micrograph was loaded into the alignment window of the software. In e
corresponding landmark (arrows). The software uses the pointers to rotate, translate an
image of one section of the ribbon on an EM grid. (C) STEM image overlaid with the ﬂuor
and C indicate the area imaged at higher resolution and presented in Fig. 7. The yellow sq
bars represent: A = 200 lm, B = 100 lm, C = 100 lm.SEM, there for we used a SEM with a STEM detector. This software
facilitated the overlay and correlation of light and electron micro-
graphs. Initially, an overview of the grid was taken in the scanning
electron microscope in secondary electron mode. Then, the bright-
ﬁeld overview with the low-resolution ﬂuorescence image was
imported into Maps and aligned coarsely by matching two pairs
of identical points (Fig. 6A; arrows e.g. the central hole of the arrow
and a point of number 1 in the grid rim). To improve accuracy of
the correlation, a higher resolution STEM (Fig. 6B) image was taken
and two conspicuous points visible on the ﬂuorescent image and
on the electron micrograph, e.g. border of the cryosection. When
needed, this step could be repeated several times at higher magni-
ﬁcation. After alignment, the ﬂuorescence image was used to drive
the electron microscope stage to the desired areas (arrowheads;
Fig. 6C). Afterwards, meshes on the grid containing the ROIs were
pre-irradiated (yellow squares; Fig. 6A) with an electron beam to
limit contrast differences in the overlapping zone during the acqui-
sition of the tiled images. In the software, a pattern of tiles was laid
over the ROI, e.g. 6  6 tiles, and the 3 point focus regime was
applied. Usually, focus points were placed top left, middle right
and bottom left, just outside the imaging area. Contrast/brightness
was kept constant during the acquisition of the tiles. The electron
microscope acquired large tile sets of the deﬁned area automati-
cally (e.g. 66 lm  57 lm = 3762 lm2) down to 3 nm pixel resolu-
tion (Fig. 7 and Movie S5). With the HD Viewer, an entire overview
could be inspected to get a global picture of the cell interconnec-
tions and at the point of interest, one could zoom into the micro-
graph to observe ﬁne details of the ultrastructure of the sample
(Fig. 7, inset).on secondary electron micrograph of the grid was recorded with the Maps software.
ach window, light and electron micrograph, a two-point pointer was placed on the
d scale the ﬂuorescence image to exactly match the electron micrograph. (B) STEM
escence image. Arrowheads indicate the two cells of interest. The red squares in A, B
uares in A indicate the pre-irradiated areas (Section 2, section STEM imaging). Scale
Fig.7. Large overview of a brain section. With the tiling option of the Maps software, an area of 66 lm  57 lm was imaged at a pixel resolution of 3 nm. 6  6 tiles were
recorded with a frame size of 4096  3536 pixels and a 10% overlap to facilitate stitching. The tiles were stitched in Photoshop. Afterwards, the ﬂuorescence image was
overlaid. 4 nuclei (asterisks) can be identiﬁed on the micrograph, of which only two matched with the GFP ﬂuorescence (arrowheads). These are the cells indicated with
arrowheads in the ﬂuorescence image, Fig.6C. Zooming into the ﬂuorescent cells, the gold label can be seen (inset). This observation conﬁrms the precise correlation of the
ﬂuorescence and gold label signal of the identical protein. The image corresponds to the red squared areas displayed in Figs. 5 and 6. Scale bar represents: 4 lm. Inset scale bar
represents: 1 lm.
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isks; Fig. 7), two corresponded with the two highlighted spots
selected on the ﬂuorescence image (arrowheads, Figs. 6C, 7). By
zooming into the electron micrograph on the ﬂuorescent nuclei,
the presence of the GFP could be documented by the gold particles
(Fig. 7, inset). This observation conﬁrms the accuracy of correlation
between the ﬂuorescent signal and the immunogold localised GFP.
As GFP is not tagged to the GFA protein but only expressed under
the GFAP promoter, the protein is small enough to freely diffuse
through the nuclear pores (Seibel et al., 2007). This fact explains
the ﬂuorescence and the GFP immunolocalisation of the nucleus
of the astrocytes. The accuracy of correlation of the ﬂuorescence
image with higher resolution electron micrographs was within
2.11 lm before correction. This result was improved by iterative
alignment but it was still limited by the resolution of the ﬂuores-
cence image. Thin astrocyte processes, with a diameter smaller
than 20 nm could not be located by ﬂuorescence due to the weak
signal emitted but they were easily identiﬁed by the immunogold
localisation of the GFP (Movie S5; blood vessel surrounded by thin
astrocyte process).
Finally, in addition to the resolution of this method, there was
good preservation of the astrocyte cytoplasm (Fig. 7 and Movie
S5) and of all other cell types (Fig. 2). The cytoplasm has a dense
matrix, packed with organelles and vesicles but lacking any strik-
ing difference between glial cells or neurons. The notable blemishof the preparation method was that the large myelinated axons
seemed to be poorly embedded in the methylcellulose uranyl ace-
tate ﬁlm (Fig. 7 and Movie S5).
4. Conclusion
The correlative approach described here allows the localisation
of a speciﬁc cell subpopulation inside the acute brain slices and
their further analysis at nanometre-scale resolution.
An important feature of this approach is that the ﬂuorescence
of the GFP label could be preserved throughout the preparation
procedure, allowing full control of the area of interest at any
time. In fact, with this preparation method, the sample remains
in its aqueous environment, which favours the maintenance of
GFP ﬂuorescence but is also beneﬁcial to other ﬂuorescent pro-
teins, like ‘tomato’ (unpublished data). In addition, the ultrastruc-
ture of the sample prepared according to the Tokuyasu method is
well preserved and the strong contrast of the membranes is suit-
able to investigate vesicles (lysosomes, endosomes, synaptic ves-
icles) or membrane/membrane interactions. The excellent
preservation of the antigenicity of the tissue is also an important
factor, and multiple immunolabelling on the same section is
possible.
The method was developed for acute brain slices but it is a ver-
satile method that can be applied on various tissue samples. In fact,
C. Loussert Fonta et al. / Journal of Structural Biology 189 (2015) 53–61 61we have used it to localise small nerve extensions in mouse skin
(unpublished data) and we applied it on yeast cells and plant tis-
sues. It is also important to note that the procedure is fast, and data
can be recorded within 3 days.
To conclude, with our combination of ﬂuorescence and electron
microscopy following the Tokuyasu protocol, we were able to char-
acterise, at high-resolution, a small biological feature, a ‘‘needle’’,
that was spatially localised and extracted from a signiﬁcantly lar-
ger biological volume, the ‘‘haystack’’.
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